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Abstract
This work reports on temperature-induced out-
diffusion and concentration decay of the promi-
nent intrinsic point defect VNi (nickel vacancy)
in the wide-gap p-type semiconductor nickel ox-
ide (NiO). VNi can easily be introduced into
NiO thin films by offering high oxygen partial
pressures during film growth, rendering nonsto-
ichiometric semiconducting structures. How-
ever, exposure to lower oxygen supply after
growth, e.g. in a standard atmosphere, usually
leads to a gradual decrease of film conductiv-
ity, because the vacancy concentration equili-
brates. In this study, we observe this process
in situ by performing temperature-dependent
measurements of the electrical conductivity on
a room temperature-grown NiO film. At a tem-
perature of 420 K under exclusion of oxygen,
the doping level decreases by a factor of 8 while
the associated room temperature dc conduc-
tivity drops by six orders of magnitude. At
the same time, out-diffusion of the mobile VNi
species can be indirectly observed through the
occurrence of electrode polarization character-
istics.
1 Introduction
Nickel oxide (NiO) is a p-type wide-gap semi-
conducting oxide with promising properties for
various device applications, most notably as
hole-transporting electrode in solar cells.1–4 For
these devices, NiO is typically doped intrinsi-
cally by an excess supply of reactive oxygen
during film growth, which yields a large con-
centration of Ni vacancy defects (VNi). Be-
cause VNi is a double acceptor in NiO, this is
the prominent method to obtain NiO thin films
with semiconducting properties, apart from ex-
trinsic doping with Li. In a recent publica-
tion,5 we investigated the electronic transport
properties of intrinsically doped NiO thin films
and ascertain that polarons of intermediate size
(about two lattice constants), strongly bound
to acceptors, are the dominant charge carriers
in these films. Electrical current is carried by
hopping of these carriers exclusively among VNi
sites without excitation to any extended states,
i.e. band conduction is negligible. At tem-
peratures above about half the Debye temper-
ature θD (≈ 200 K for NiO6) this is an over-
the-barrier hopping process with an activation
energy determined by the inter-site separation.
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At temperatures lower than θD/2 the activation
energy is of the order of the width of the den-
sity of states. This implies that structural and
electronic disorder play a central role for the
temperature dependence of the electric conduc-
tivity of intrinsically doped NiO samples.
The degree of film nonstoichiometry is deter-
mined by the reactivity of the oxygen supply
(i.e., ionized vs. neutral) during film growth.
High pressures and particle velocities develop
at the laser ablation site on the target, lead-
ing to a high degree of ionization of the oxygen
background gas. This favors a high oxidation
of the growing film. When exposed to ambi-
ent atmosphere, samples prepared in this way
can be expected to be long-term unstable with
regard to the Ni vacancy concentration. As a
result, their conductivity is expected to decay
with time, which is accelerated at elevated tem-
peratures. This publication reports on the first,
partially in situ, experimental observation of
this process. We believe the derived results are
of importance for design rules of devices con-
taining an intrinsically doped NiO layer, as in
the case of hole-transport layers in solar cells
for instance.
2 Experimental details
The NiO layers described here were fabri-
cated by pulsed laser deposition (PLD), using
a KrF excimer laser (wavelength 248 nm, en-
ergy per pulse 650 mJ, repetition rate 10 hertz)
from a ceramic NiO target (Alfa Aesar, purity
99.998 %). During deposition, the O2 partial
pressure was kept at 0.1 mbar, and no inten-
tional substrate heating was employed (room
temperature growth). Two types of NiO thin
film samples were fabricated. The first one con-
sisted of NiO thin films deposited on a metal-
lic Pt electrode on top of corundum substrates.
These samples were used to study the electronic
transport. The second type was NiO deposited
on top of commercial fluorine-doped tin oxide
(FTO)-covered glass substrates. This combina-
tion was employed in order to induce a space
charge region in the NiO layer, which enabled
the use of space charge spectroscopy to deter-
mine the doping level of the NiO. For both
types, the NiO layers were capped by 20 nm
thick Pt layers. The deposition of NiO and
Pt capping through a priorly structured stan-
dard UV photoresist allowed their patterning
by the lift-off technique into pillars with cir-
cular cross sections (diameters between 250 µm
and 800 µm). All Pt layers were fabricated by
dc magnetron sputtering.
Current-voltage characterization was done us-
ing a semi-automatic SU¨SS wafer prober with
tungsten needles and an AGILENT 4155C Pre-
cision Semiconductor Parameter Analyzer. The
results of these measurements were used to se-
lect individual contacts for further characteri-
zation.
For capacitance-voltage measurements, the
samples were mounted onto transistor sockets,
and the selected contacts were wire-bonded us-
ing Au wires and silver epoxy resin. For broad-
band dielectric spectroscopy (BDS) measure-
ments, a similar method was applied, using a
home-built sample holder instead of a transis-
tor socket. The silver epoxy resin was hardened
in a dry cabinet at 90 ◦C for 30 min.
BDS measurements were carried out in a tem-
perature and frequency range between 300 K
and 420 K and between 10−2 Hz and 107 Hz,
respectively, by means of a NOVOCONTROL
Technology high-resolution α-analyzer com-
bined with a Quatro temperature controller
(absolute thermal stability ≤ 1 K).
X-ray diffraction was performed using a
Philips X’Pert diffractometer and the Cu Kα
line (λ = 1.5406 A˚).
3 Results
The current density-voltage relations of the two
structures shown in Fig. 1 demonstrate that the
NiO layer on FTO exhibits a current rectifica-
tion of approximately two orders of magnitude
at ±2 V, whereas the characteristics of the layer
sandwiched between Pt electrodes show sym-
metric behavior with respect to voltage. The
latter is therefore appropriate for the investiga-
tion of electrical transport, as previously done
in Ref.5 It shall be noted that the transport
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is non-ohmic, i.e. the differential conductivity
increases with increasing voltage (see inset of
Fig. 1). The same effect is observed in the for-
ward region of the FTO/NiO diode (for voltage
above ≈ 1 V). This behavior can be attributed
to the specific dc transport mechanism of NiO
which has similarities with space charge-limited
conduction (SCLC).7–9
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Figure 1: Current density-voltage relations of
selected Pt/NiO/Pt and FTO/NiO/Pt struc-
tures in semilogarithmic and linear (inset) scale.
There are only few reports of rectifying con-
tacts comprising NiO as the carrier-depleted
semiconductor. It has been shown that the low
work function metals Al and Ti can be used
to fabricate Schottky contacts on NiO,8 and
the transparent conductive oxides tin-doped in-
dium oxide (ITO)9 and fluorine-doped tin oxide
(FTO)10 have been proven to be appropriate
n-type partners for rectifying pn+ heterostruc-
tures. A depletion region in a semiconductor
enables the application of space charge spec-
troscopy techniques to investigate defect prop-
erties, such as the doping level and its spatial
distribution. This is especially useful in the case
of NiO because the determination of charge car-
rier concentration by Hall effect measurements
is difficult due to extraordinarily low charge car-
rier mobility (µp  0.1 cm2 V−1 s−1).
In a recent publication, we reported on the
electrical transport properties of NiO below
room temperature. In the present work, we
address the same issue for elevated tempera-
tures up to 420 K. Fig. 2a shows the real part
σ′ of the complex conductivity σ∗ = σ′ + iσ′′ of
the Pt/NiO/Pt sample, recorded in a temper-
ature cycle between 300 K and 420 K. In gen-
eral, the frequency dependence of σ′ of the films
can be separated into two different regions. At
300 K at the beginning of the cycle, σ′ is inde-
pendent of the frequency of the electric field,
f , up to 103 Hz. This is interpreted here as
the dc conductivity limit of the electronic con-
duction process, σdc. With increasing f , σ
′ be-
gins to exhibit dispersion, rising slowly in the
form of a broadened step. In our recent pa-
per,5 we showed that this is the signature of a
dielectric polarization process connected to the
spatial inhomogeneity of σ∗ (Maxwell-Wagner-
Sillars (MWS) polarization11) which is caused
by the large degree of disorder present in room
temperature-deposited NiO.
When the complex dielectric function ε∗ is
calculated from σ∗ according to
ε∗ =
1
2piifε0
σ∗, (1)
relaxation and polarization processes are vis-
ible as peaks in the imaginary part of ε∗, ε′′ =
1
ωε0
σ′. These peaks can usually be fitted with
a Debye-type function or modifications thereof;
in the present case, we used the Cole-Cole rela-
tion
ε∗ = ε∞ +
εs − ε∞
1 + (iωτrel)
1−b (2)
with ε∞ and εs the high-frequency and static
value of the relative dielectric permittivity, ω =
2pif , τrel the relaxation time constant, and b ∈
[0, 1) a dimensionless broadening parameter, re-
spectively. Taking additional account of the dc
conductivity, the following relation was used to
fit the ε′′ data:
ε′′(ω) =
σdc
ωε0
+
∆ε
2
cos bpi/2
cosh [(1− b) ln (ωτrel)] + sin bpi/2 ,
(3)
where σdc is the dc conductivity taken as the
value of σ′ at the low-frequency plateau and
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Figure 2: (a) real part σ′ of the complex con-
ductivity function σ∗ = σ′ + iσ′′, measured by
BDS in a temperature cycle between room tem-
perature and 420 K. (b) selected temperatures
from the same dataset in the dielectric loss rep-
resentation, including fits to the MWS polar-
ization acc. to (3).
∆ε = εs − ε∞. The imaginary part of the di-
electric function, ε′′, and the fits to the MWS
polarization process according to (3) (without
the dc contribution), is shown in Fig. 2b for
selected temperatures.
A simplifying model of interfacial polariza-
tion processes due to a spatially varying di-
electric function considers spherical filler par-
ticles (volume fraction ϕf) with conductivity σ
′
f
embedded in a matrix with lower conductivity
σ′m  σ′f . Both media are assumed to have the
same real part of the dielectric function ε′. It
can be shown11 that in this case a Debye-like
relaxation peak, representing Maxwell-Wagner-
Sillars polarization, occurs, with
∆εMWS ≈ 3ε′
(
σ′f
σ′m
)2
ϕf (1− ϕf)
(2 + ϕf)
2 , and (4)
τrel,MWS ≈ 3ε0ε′ 1
(1− ϕf)σ′f
. (5)
Therefore, depending on the ’conductivity
contrast’ between filler and matrix, ∆ε can at-
tain larger values than commonly considered
for molecular relaxation processes (typically
∆ε 1). Moreover, (5) demonstrates that the
relaxation rate ωrel,MWS =
2pi
τrel,MWS
is directly
proportional to the conductivity of the filler,
implying that it roughly exhibits the same ac-
tivation energy.
Because the film was grown at room temper-
ature and the measurement is done at elevated
temperatures, the presented experiment can be
considered an in situ annealing experiment con-
ducted under oxygen-poor conditions (pure N2
atmosphere). At temperatures above about
370 K three annealing-induced features appear
simultaneously: (i) The frequency-independent
contribution σdc drops, even though the tem-
perature is increased to 420 K. During sub-
sequent cooling to room temperature, σdc de-
creases further, as expected due to the decreas-
ing temperature, resulting in a final reduction
of six orders of magnitude as compared to the
initial (room temperature) value (see Fig. 3, top
panel). (ii) Electrode polarization sets in, caus-
ing a drop in σ′ at very low frequencies, (iii) the
MWS polarization process strongly decreases in
both relaxation strength ∆εMWS and relaxation
rate ωMWS (Fig. 3, center and bottom panel).
We attribute all these observations to the
thermally induced out-diffusion of Ni vacancies.
Because the initial concentration of VNi is much
higher than the thermodynamically adequate
level, the film has the tendency to equilibrate
this concentration at any given temperature, es-
pecially at T > Tgrowth. This is achieved by
the diffusion of VNi to the sample surface where
they decay by locally dissolving the crystal1 ac-
1There are experiments that have directly detected
the reversion of this process (e.g., the creation of Ni
4
cording to the reaction
2 V+2−cNi + 2 O
−2
O −→ O2(g) + 4 e−+ (4− 2c)h+.
(6)
This renders the film interior less conductive.
Eqn. (6) also includes the formal charges that
are attributed to the constituents. Ideally, each
O site carries a formal −2 charge while that of
each VNi acceptor is +2. Due to the presence
of compensating donor states (”hole killers”),
however, a fraction 0 < c < 1 of the vacancies
is ionized. The reaction therefore produces a
net charge of −2c ·e per destroyed vacancy site.
Since the sample surface consists mostly of the
film/electrode interface (film thickness  con-
tact diameter), these charges temporarily ac-
cumulate in its vicinity and thereby partially
screen the interior of the sample from the ap-
plied AC electric field, before they migrate into
the electrode. This leads to an apparently lower
electric conductivity of the sample (electrode
polarization,11,14,15 EP). Because this effect is
in principle comparable to ionic conduction, the
characteristic frequency of an EP process is de-
termined by the ion diffusivity and is therefore
typically low; here, EP can be seen to dominate
σ′ below 1 Hz (Fig. 3a).
On the basis of the conductivity model de-
veloped in our recent work,5 a decrease of the
acceptor density is expected to be accompanied
by an increase in the activation energy of σdc.
This is the direct result of the increased inter-
acceptor distance, due to the VNi decay, and
observed here: from Ea,σ = 325 meV before to
760 meV after the high-temperature BDS mea-
surement. The decrease of ∆εMWS and ωrel,MWS
of the MWS polarization process as a conse-
quence of annealing is also in accordance with
the model, because both parameters are af-
fected by the conductivity of the film (Eqns. (4)
and (5)). In particular, ωrel,MWS exhibits almost
the same activation energy (340 meV before and
711 meV after annealing) as σdc.
In order to relate the decrease of conductivity
to a lower VNi density, a FTO/NiO sample was
vacancies at elevated temperatures through the equili-
bration in O2 gas) by thermogravimetric methods, for
example by Mitoff,12 and Osburn and Vest.13
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Figure 3: (a) dc conductivity, (b): relaxation
strength and (c): rate of the MWS polarization
mode for temperatures above 300 K (black sym-
bols). Representative data points from mea-
surements below 300 K are shown in addition
(gray symbols).5
used as a reference. Due to the occurrence of
charge depletion in the NiO layer, CV measure-
ments could be conducted on this sample. It
was subjected to a thermal treatment at 420 K
in N2 atmosphere for two hours to mimic the
conditions during the high-temperature BDS
measurement.
The doping profiles can be extracted from the
C-V measurements via
Nnet =
2
eεsε0A2
(
d
dV
C−2
)−1
,
w =
εsε0A
C
. (7)
The averaged net doping obtained by this
method decreases from initially 4.4× 1018 cm−3
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Figure 4: Doping profiles of a selected
NiO/FTO contact before and after annealing
at 420 ◦C in N2.
to 6.2× 1017 cm−3. Because the doping level is
mainly determined by the dominant acceptor
VNi, this result confirms the out-diffusion of
the VNi acceptors and corroborates the distinct
decrease of the film conductivity.
X-ray diffraction (XRD) measurements were
carried out on a Pt/NiO reference sample be-
fore and after an annealing step (420 K in N2
atmosphere for two hours). The position and
broadening of the NiO (111) reflex remains un-
changed by this procedure (see Fig. 1, Support-
ing Information), which suggests that a tem-
perature of 420 K does not induce significant
structural changes to room temperature-grown
NiO films. Therefore, we conclude that the ob-
served annealing-induced changes of electrical
transport properties are entirely due to the re-
moval of VNi defects.
The observed processes are summarized in
Fig. 5 and as follows. The growth of NiO
films by PLD takes place under conditions
strongly deviating from thermodynamic equi-
librium. This leads to a concentration of
defects in the growing film that is consider-
ably higher than in thermodynamic equilib-
rium, which holds in particular true for VNi as it
is the dominant intrinsic point defect (Fig. 5a).
Charge transport is facilitated through hop-
ping conduction over initially low barriers be-
tween neighboring vacancy sites (Fig. 5c). On
the other hand, the structural inhomogeneity
gives rise to the MWS polarization of conduc-
tive grains embedded in a semi-insulating ma-
trix (grain boundaries) which produces the ac-
cording spectral relaxation process shown in
Fig. 5b.
At elevated temperatures, the VNi defects be-
come mobile. They diffuse via consecutive hop-
ping processes of Ni ions to vacancies. The ac-
tivation energy for this migration has been de-
termined by several authors16,17 to be in the
range of 1.92 eV to 2.56 eV. A large fraction
of diffusing vacancies reaches the film/electrode
interfaces, where they dissolve. At room tem-
perature, the diffusion is not efficient, leading to
a rather slow decay of the vacancy concentra-
tion. Because the films have been kept at room
temperature before the BDS measurement for
several days, however, some equilibration may
already have taken place. Increasing the tem-
perature to above 300 K significantly enhances
the decay rate: ωrel,MWS rises slower than below
room temperature (see also Fig. 2, Support-
ing Information). In addition, ∆εMWS clearly
drops from ≈ 520 to ≈ 350 between 300 K and
370 K. However, the most pronounced accel-
eration of the VNi decay process can be seen
above 360 K, because this was the temperature
at which the sample was kept during hardening
the silver epoxy. Furthermore, as soon as the
temperature is lowered again, the diffusion of
VNi slows down dramatically. When the sam-
ple is exposed to a second temperature cycle
(see Fig. 3, Supporting Information), the out-
diffusion again increases above 300 K, however,
to a much lesser extent than during the first
run.
This out-diffusion process is important to mon-
itor when designing devices that are based
on semiconducting, Ni-deficient NiO. In many
technologically relevant cases, reactively sput-
tered NiO films are employed, where the de-
viation from stoichiometry is even more pro-
nounced. When such films are used in devices
where operation leads to heating, the device
performance can be critically impaired by the
decay of the VNi acceptor.
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Figure 5: Annealing-induced effects of VNi out-diffusion: (a) schematic cross-sectional view of the
film before annealing with high density of VNi, (b) polarization of mobile charges within grains leads
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4 Conclusion
Room temperature-grown NiO thin films were
investigated by broad-band dielectric spec-
troscopy (BDS) measurements between 300 K
and 420 K, allowing an in situ observation of
annealing-induced effects on the frequency- and
temperature-dependent conductivity σ′. It was
shown that out-diffusion of the dominant intrin-
sic acceptor VNi (Ni vacancy) leads to a lower
net doping level of the film (about a factor of 8),
as determined by capacitance-voltage profiling.
This, in turn, decreases the film conductivity at
room temperatures by six orders of magnitude.
The existence of mobile ionic species to which
the charges are bound is supported by the ob-
servation of electrode polarization effects that
accompany the drop of σdc. Simultaneously,
strength and relaxation rate of a polarization
process, that dominates the dispersion of the
dielectric function, are strongly reduced. This
is in accordance with our previous assignment
of this relaxation process as a phenomenon in-
duced by spatially varying σ′, also known as
Maxwell-Wagner-Sillars polarization.
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